Electrohydraulic servosystems are commonly employed to actuate flight control surfaces in aircraft, particularly in military aircraft. They are increasingly used in commercial aircraft to minimize pilot effort and to provide easy interface to flight control computers. In many of the applications the servoactuator is connected to a flight surface (load) through a compliant member that introduces additional dynamics. This paper addresses some of the issues related to the modeling of these kinds of systems, particularly the effect of friction in the actuator, and its effects on system performance. This paper also outlines approaches that can be adopted to reduce the effect of friction on system performance.
Hydraulic power offers significant advantages in managing heavy surface load, in reducing space requirements and in reducing weight. For aircraft of the size of a B747, DC-10 or L1011 there is at present no practical alternative to hydraulically powered flight controls. There are several means of initiating surface movement; manual control where the pilot controls the surface directly or with the assistance of an aerodynamic tab (B707 elevators and ailerons); hydraulically powered control with manual reversion wherein piloti nput goes to the hydraulic actuators during normal operation but reverts to manual power upon power loss (B707 rudder and the B727/B737 elevators and ailerons); fully hydraulically powered flight controls, most large modern transport aircraft utilizing this approach (B747 and L1011 all surfaces); and fly-bywire electrohydraulic servoactuator control (A330/340, B777 and many modern fighter planes such as Swedish Gripen, all surfaces).
State of the art fly-by-wire electrohydraulic servo actuation provides easy interface to flight control computers, redundancy through triplex and quadruplex torque motor coils and associated drive electronics, and advanced flight envelope and enhanced safety features for the aircraft.
The design of a flight control system, particularly a fl y-by-wire electrohydraulic servo system, calls for meeting stringent requirements for gain and phase over a wide frequency band. This problem is addressed by developing a detailed model of the servo system and associated load and simulating the performance under different operating conditions. The model should include relevant effects such as friction in the actuator, non-linear effects of load and the servo valve etc. The model can be simulated in both frequency and time domains to study additions that will modify performance. This paper deals with the modeling and simulation of a rudder control servo system typical of a large commercial plane. A detailed model of the system including the servo system and the load is presented. A detailed non-linear model is outlined. Particularly the effect of friction on system perfoirnance and the merits of techniques such as differential pressure feedback on system performance are addressed.
THE SYSTEM AND ITS MODEL Figure 1 illustrates the structural arrangement of a typical rudder and its servo drive system used in a large commercial aircraft. The load includes a main surface and an additional tab. The tab is driven by a four bar linkage arrangement as shown. The servoactuator is connected to the surface through a compliant member and is grounded to a relatively stiff structure. In large aircraft multiple actuators may be used and may involve torsional stiffness between actuator attachment points. Some typical parameter values related to a large aircraft are given in Table 1 . Figure 2 shows the performance bounds expected of a typical servo drive system of this kind. Both Amplitude Ratio (gain) and Phase Lag bands are given as a function of excitation frequency, for small command levels. The Input is servovalve command (current) and Output is main rudder position, in normalized quantities. A quick examination of Figure 2 reveals that the system is expected to behave much like a first order system of 4.8 Hz bandwidth.
FIG. 1 Structural
Arrangement of Rudder Drive System Figure 3 shows the free body diagram of the rudder system. After some lengthy algebric manipulation it can be shown that the load can be represented by the following equations: Figure 4 shows the non-linear model of the system in block diagram form. This model is the extension of an earlier linear model. Some significant features of the model include (a) Orifice flow pressure relationship of the electrohydraulic servo valve, including load pressure effects; (b) Capacitance effect of the actuator and its variation due to the piston motion; (c) The Effect of relative velocity between the piston and the body on pressure development; (d) Inertial effects of the piston and clamping effect due to coulomb and viscous friction; (e) Dynamic effects of the actuator body and its support; and (f) The non-linear geometric effects of the rudder surface and its drive mechanism. In the model, the two independent (main and tab) inertias are cornbined into an equivalent inertia. The non-linear model has been used to study effects of various parameters, particularly friction, on system performance, and the effectiveness of strategies such as compensation networks and dynamic pressure feedback. Table 1 gives numerical values of the parameters and coefficients of the system and model. The simulation results are presented in Bode plot format. The nonlinear model was simulated using the software package ACSL on a Sun Sparc workstation. Features of the simulation include representation of valve spool stage as a subroutine to accommodate switching functions and lap conditions; current saturation; prevention of cavitation in the actuator volume; and modeling of friction as a procedural block. To obtain the frequency response of the non-linear model the system model was run at different frequencies varying between a upper and an lower bound. The system response is simulated at least for 2 cycles at each one of these frequencies. A Fourrier integration is performed on the input and designated output variable(s) to obtain the Amplitude Ratio and Phase Angle between the output and input variables. The system simulation at each of these frequencies will continue until the phase error for consecutive cycles lie within a set bound. A front end pre-processing and a post processing code combined with the simulation model automates this process and runs the simulation at different frequencies. The simulation is initiated at a set higher frequency and progresses toward the lower bound using a propogationf actor 0.8.(New frequency-0.8 x old frequency).
SIMULATION
RESULTS AND DISCUSSION Figure 5 shows the frequency response of the non-linear model for small command (0.001V) levels without friction but including a lead-lag filter, differential pressure feedback (DPF), and current saturation. The response is similar to its corresponding linear model behaviour. The non-linear system frequency response meets the demanded performance for gain and phase without friction. Corresponding linear and non-linear models gave acceptable performance without friction when DPF and a suitable lead-lag network was included. Figure 9 shows the frequency response of the non-linear model wheninput command level isincreased significantly (0.2372 V). The system performance is back to within the acceptable bands. This indicates that at low command levels the friction present in the actuator nullifies the force developed by the load-actuator link, resulting in no appreciable displacement of the rudder; large level input commands are needed to overcome 
